A true three-phase 1000 A busbar current transducer is based on six micro-fluxgate sensors. Instead of using three independent single-phase current transducers, we use the full information from each sensor. Two TI DRV425 microfluxgate sensors are inserted into a hole drilled in each busbar. Our method of data processing is optimized to compensate the crosstalk between the three phases and external fields and gradients up to second order. The crosstalk error between the phases was 0.23% or smaller. The suppression of field from an external current at a distance of 10 cm is improved by a factor of 25 to 150. Our transducer has compact size, high temperature offset stability of 8.5 mA/°C, high current range up to 1000 A, low power consumption, and linearity of 0.1%. The results from a three-dimensional finite-element model and analytical computations confirm the measurements.
I. INTRODUCTION
Busbars are used for distribution of high currents inside racks and also at electrical switchyards and stations. Modern grids and electric drives require to measure currents in individual busbars [Mota 2015 , Salman 2017 . With the use of transformerless inverters, the requirement for the current sensors is wide bandwidth including the dc component, which is generated during transients and due to nonsymmetry in switching times and switched-on resistances for both polarities [Buticchi 2009 ].
Traditional busbar current transducers use a Hall sensor inside the airgap of yoke surrounding the measured conductor. Yoke is effective in shielding external magnetic fields, but makes the transducer bulky, nonlinear, temperature dependent, and susceptible to remanence [Xiang 2018 ]. The common trend is, therefore, to develop yokeless current transducers using multiple magnetic sensors [Ripka 2019a ].
The simplest solution is to put a magnetic sensor on the surface of the busbar [Blagojevic 2016 ]. The disadvantage of this method is that the magnetic field in a near vicinity of the conductor is high: for 60 mm × 10 mm busbar and current of 1000 A, the field on the busbar surface is approximately 7 kA/m. This limits the sensor selection to Hall sensors with their poor dc stability.
By using differential (gradiometric) configuration of sensors, one can make the transducer insensitive to external homogenous magnetic field, but not to field gradients [Blagojevic 2018 . In order to further increase the resistance against external currents, more magnetic sensors can be used either in a circular [Chen 2011 , Tsai 2014 , Itzke 2018 , Yu 2018 or rectangular array.
Another approach is to insert a couple of sensors into the hole drilled in each busbar. This solution allows to adjust the sensitivity, and thus, the range by changing the distance between the sensors [Snoeij 2016 ]. In this way, transducers with kiloampere range can be constructed using micro-fluxgate sensors with 2 mT full-scale range. In this letter, we extend the busbar current transducer described in Snoeij [2016] to measure three-phase currents. Instead of using three conventional single-phase current transducers, each with two magnetic sensors in differential mode, we developed a true threephase transducer by using more complex processing of signal from all six magnetic sensors. The target is to achieve no crosstalk between the phases and to minimize the influence of external magnetic fields, including those generated by other conductors. Similar approach was used for overhead current lines-in that case the conductor size can be neglected in comparison to the distance of the sensors; it is also easy to use higher number of sensors and distances of disturbing currents from overhead lines that are high [Wu 2016 , Bernieri 2017 , Ripka 2019b ]. In the present case of sensors inside the massive busbar, the calculation is more complicated, as we cannot neglect the conductor size. We can also expect disturbing currents in close busbars, which is typical for racks.
First, we explain the transducer design and derive analytical formulas for its description. Three-dimensional (3-D) finite-element model (FEM) in ANSYS Maxwell is used for optimization. The results of calculations and modeling are finally verified by measurement.
II. TRANSDUCER DESIGN
The transducer geometry is shown in Fig. 1 . Three 60 mm × 10 mm copper busbars are located in lateral plane in 160 mm distance, which 1949-307X C 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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is standard in racks. Each busbar has circular hole with diameter of d = 19 mm. The pair of the micro-fluxgate sensors TI DRV425 with the fullscale range of 2 mT is inserted into the hole in each copper busbar. Therefore, our configuration utilizes in total six micro-fluxgate sensors. For the distance between the sensors of 2 s = 2.5 mm, the sensitivity of the differential sensor pair to dc-measured current calculated by FEM is α = 1.6 (A/m) / A. This value was also verified experimentally. For 50 A dc current, the field difference is H FEM = 81 A/m and H meas = 80 A/m. The range of the current transducer for different applications can be easily optimized via busbar geometry, the size of the hole, and the distance between two TI DRV425 sensors.
III. THEORETICAL FRAMEWORK
The theoretical framework for the analytical model is developed. Ampere's law is used for analytical calculation of the parasitic response to the external current [Ripka 2017 ]. For the differential configuration with the spacing of 2 s, the parasitic response to the idealized external current I in the distance v in the same plane is
The systems of (2) are used for six sensors and three phase currents to suppress the external current I ext . The busbars are simplified for long distances as one infinitely small point. Compensation of the crosstalk error between the phases is done with ⎛ 
where α is the current sensitivity of each sensor that depends on its distance s from the center of the busbar; r 12 and r 23 are denoted in Fig. 1 , r 13 = r 12 + r 23 ; r ext is the distance to the external current; I 1 , I 2 , and I 3 are the amplitudes of the three-phase currents; I ext is the amplitude of the external disturbing current; and H 1 , . . . , H 6 are the measured values by the corresponding sensors. If the distance to the external current is known, the amplitude of the external current can be easily calculated. But, in practice, this distance is unknown, and then the system of equations is nonlinear and should be solved numerically, which is not practical for industrial applications. The other problem is that the disturbances often come from multiple sources, i.e., from several current conductors and also from ferromagnetic objects near current transducers. Therefore, we decided to change the compensation method to (3), shown at the bottom of the page, which compensates the gradients of the external fields, where H ext0 , H ext1 , and H ext2 are the field gradients of zeroth, first, and second order, respectively. The external field can be approximated as H ext = H ext0 + H ext1 x + H ext2 x 2 , where x is the sensor position along the x-axis.
Ampere's law, which is used in our cases, gives the results close to the 3-D model in FEM only larger distances for which the conductor size is negligible. The exact analytical formula for the rectangular conductor was shown in Olivares-Galvan [2009] .
The busbar of rectangular cross section is considered with the length of the sides 2a = 60 mm and 2b = 10 mm. Magnetic flux around the conductor can be calculated by
X and Y components of the magnetic field strength can be calculated by (5) and (6) numerically or by using θ 1 , θ 2 , θ 3 , θ 4 and r 1 , r 2 , r 3 , r 4 in accordance with Fig. 2 . Then, (5) and (6), respectively, convert to
Equations (7) and (8) are the resulting equations that are used for individual busbar contributions. Fig. 3 shows that the calculated values fully correspond to the 2-D FEM simulation. The largest difference is for 0.4 mm with corresponding error equal to 9.3%; then the error is reduced to 3.7% at the distance of 10 mm. The error for our configuration (for 160 mm distance between the centers of the busbar) equals 0.02%, and most likely it is caused by the inaccuracies in FEM simulations. 
IV. SIMULATION RESULTS
The 3-D model used for FEM simulations is shown in Fig. 5 . For ac current, the current distribution is no longer uniform due to the skin effect, and the sensitivity drops down with frequency. The distribution of the current density for 50 Hz and 1 kHz is shown in Fig. 4 . Possibilities of frequency compensation were discussed in Blagojevic [2018] . The conductivity of the busbar copper at room temperature was measured using four-terminal configuration and equals σ = 5.55 mS/m, and this value was used in simulations. The calculated comparison of the magnetic field strength inside the drilled hole for dc and ac f = 1 kHz is shown in Fig. 5 . Comparison between the new "compensated" method (suppression of the external fields and gradients) and "uncompensated" method (only crosstalk compensation) for the lateral case (disturbing current in-plane with busbar system) is shown in Fig. 6 . The reading error for 100 mm distance is reduced from 32% to 0.4% for I 1 , which represents 80-fold error reduction. Error reductions for I 2 and I 3 were 150 and 25, respectively.
V. MEASUREMENT RESULTS
One of the three busbars with the inserted sensor is shown in Fig. 7 . The micro-fluxgate sensors are placed on both sides of printed circuit board. The star (wye) configuration is used for the test setup shown in Fig. 8, where B 1 , B 2 , and B 3 are the copper busbars; R 1 , R 2 , and R 3 are the rheostats (6.3 A and 13 ), which are used to control the flowing current; and R 4 , R 5 , and R 6 are the reference resistors 0.01 , which are used as the shunt resistors for precision current reading. The three-phase transformer 220 V/ 24 V is used for feeding the busbars Fig. 6 . External current error for each phase with compensation and without as a function of the distance of the lateral disturbing current (measured from the edge of L 3 , as shown in Fig. 10 ). Calculated from FEM simulations for real size of the busbars. with the three-phase L 1 , L 2 , L 3 , and the external conductor is in-phase with L 2 . The output signals from the six micro-fluxgate transducers are processed by multifunctional data acquisition-card NI-USB 6211 (16 b and 250 kS/s) and later by the LabVIEW program. The external current was placed in plane with three busbars, and the distance between the external conductor and our system was changed. The measurement results are shown together with the simulation results in Fig. 9 . The maximum difference between the measurement and simulation is 3%.
Current 5 A through each phase was subsequently applied to measure both the crosstalk error between the phases and difference between the measured and theoretically computed matrix (2). The results are shown in Tables 1 and 2, respectively. Theoretically the crosstalk is zero, meaning that the currents in other phases does not influence the measured current. The main source for deviations are the geometrical inaccuracies and error of the sensor sensitivities. Table 1 is symmetrical, with maximum 0.2% error. The largest errors are for the sensitivities α (bold in Table 2 ). These indicate the systematic +1.6% error in estimating the sensor distance of 2.5 mm.
VI. CONCLUSION
A novel method for the measurement of currents in three-phase systems is presented in this letter. Our method theoretically completely suppresses crosstalk between the phases for arbitrary phase currents. The real crosstalk is 0.2%. The external disturbances cannot be canceled completely-our new method suppresses the homogeneous component and external field gradients up to second order for six sensor configurations. With the increasing number of the operating sensor, the higher order of the field gradients could be suppressed, e.g., up to fourth order for eight sensors, and up to sixth order for ten sensors. Better suppression can be also achieved by using priory knowledge of the phase current, such as their sum is zero. The resolution of tens of milliamperes is achievable, since the micro-fluxgate sensors TI DRV425 have small noise (6 mA/ √ Hz) at 1 Hz with the full-scale range of 1000 A and low offset drift with the temperature 5 nT/°C, which corresponds to 8.5 mA/°C for our solution. This is significantly better offset stability compared with anisotropic magnet resistance (20 nT/°C) and the Hall sensor (5 µT/°C). The power consumption is low (<1 W for three transducers even for the maximum measured current of 1000 A); our transducer has linearity of 0.1%, compact size, and low price. The FEM results are confirmed by the measurements. The main disadvantage of this solution is the frequency dependence caused by eddy currents in the solid busbar.
